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ABSTRACT
Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous contaminants that 
may alter physiological functions in fish including hemopoiesis and 
immunosurveillance. In mammals, a specific mechanism for PAH-immunotoxicity 
may involve the induction of cytochrome P4501A isoenzymes, bioactivation of 
PAHs to reactive metabolites, and PAH-DNA adduct formation. DNA adducts 
(xenobiotics covalently bound to nucleotides) may cause irreversible DNA damage 
leading to modifications in functional immunocompetent cells. In fish, biochemical 
pathways of PAH-toxicity remain to be elucidated. Preliminary studies demonstrated 
that benzo(a)pyrene (BP)-DNA binding occurred in the hemopoietic tissues and blood 
of BP-exposed fish and persisted for at least 167 days, although the covalent nature of 
BP-DNA binding was unknown. Therefore, the primary objective of this study was to 
examine the formation and persistence of aromatic DNA adducts in hemopoietic 
tissues (anterior kidney and spleen) and blood of the mummichog, Fundulus 
heteroclitus (L.). 32P-postlabeling analysis (PPL) was used to resolve and quantify 
DNA adducts and hepatic DNA adducts were analyzed for comparative purposes.
In the laboratory, adult mummichog were injected with benzo(a)pyrene (BP) 
(12 mg/kg) and sampled for up to 96 days post-injection. The hemopoietic tissues, 
liver and blood were collected on all sampling days, and PPL performed. The 
chromatographic profiles of BP-DNA adducts from all tissues and blood of fish 
injected with BP and sampled between 8 - 9 6  days post-injection demonstrated a 
major BP-DNA adduct spot that co-chromatographed to the same approximate 
position as the anti-BPDE-dG standard. BP-DNA adduct levels were significantly 
higher in the liver and anterior kidney than in the spleen from 16 to 96 days post­
injection (p < 0.001). In a subsequent study, mummichog larvae were injected with 
BP (0.3 mg/kg) and maintained for 3 months post-injection. BP-DNA adducts were 
not detected in hemopoietic tissues or liver of 3-month-old fishes.
Field studies were performed to examine aromatic DNA adducts in 
hemopoietic tissues and blood of adult mummichog from the creosote-contaminated 
Atlantic Wood (AWS) in the Elizabeth River, Virginia, where cancer and severe 
immunosuppression are prevalent. Mummichog were captured, their tissues collected 
and PPL performed. The chromatographic profiles demonstrated a diagonal radioactive 
zone of aromatic DNA adducts, characteristic of PAH-exposure, in all tissues of AWS 
mummichog. DNA adduct levels were significantly higher in the spleen than in the liver 
or anterior kidney (p = 0.036).
Results from both laboratory and field studies showed that DNA adducts 
persist in the hemopoietic tissues, liver and blood of adult mummichog. The long­
term duration of DNA adducts examined in this study may explain the increased 
cancer prevalence and immune dysfunction in this teleost.
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32P-POSTLABELING ANALYSIS OF AROMATIC DNA ADDUCTS IN 
HEMOPOIETIC TISSUES AND BLOOD OF THE MUMMICHOG 
FUNDULUS HETEROCLITUS
INTRODUCTION
Benzo(a)pyrene (BP), an archetype polycyclic aromatic hydrocarbon (PAH), 
is an environmental carcinogen produced by the incomplete combustion of fossil 
fuels (Youngblood and Blumer, 1975; Blumer, 1976; Neff, 1979). BP and other 
PAHs are released into the atmosphere by way of industrial emissions, gasoline and 
diesel exhaust, domestic oil heating fumes, and cigarette smoke (Nikolaou et al., 
1984), and return to the earth’s surface in the form of aerosols, gases and particulates 
(Schwarzenbach et al., 1993). PAHs are also discharged directly into aquatic systems 
with industry-generated waste, recreational activities and military operations. For 
example, creosote was discarded into the Elizabeth River, Virginia from now 
abandoned wood-treatment facilities (Bieri et al., 1986). Creosote, a mixture of 
approximately 85% PAHs and 15% phenolic and heterocyclic compounds, was 
applied at these facilities to control fungal growth and prevent rotting of wood (Lu, 
1982; Mueller et al., 1989).
Fish exposed to PAHs have been documented with cellular alterations and 
cancer. Hepatic neoplasms are prevalent in fish from the Elizabeth River, VA 
(Vogelbein et al., 1990), Puget Sound, WA (Myers et al., 1992), and Boston Harbor, 
MA (Moore et al., 1989). Pancreatic neoplasms also have been found in mummichog 
from a creosote-contaminated site in the Elizabeth River, VA (Foumie and
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Vogelbein, 1994). In laboratory studies, pancreatic nodules and liver parenchyma 
disturbances (clear-cell foci and lesions) were present in spot Leistomus xanthurus 
exposed directly to creosote-contaminated sediments (Hargis et al., 1984). Rainbow 
trout Salmo gairdneri, Japanese medaka Oryzias latipes and guppy Poecilia 
reticulata developed hepatocellular lesions following laboratory exposure to high 
doses of BP (Hendricks et al., 1985; Hawkins et al., 1988).
In mammals, the initiation of BP-induced carcinogenesis is believed to result 
from a process involving the binding of BP to the aryl hydrocarbon (Ah) receptor 
(Dennison et al., 1986; Bradfield et al., 1990), translocation of the receptor complex 
to the nucleus (Hoffman et al., 1991), transcription of genes that encode for CYP1A 
isoenzymes (Nebert and Gonzalez, 1987), and metabolism of BP to reactive 
metabolites that bind to DNA (Huberman et al., 1976; Gelboin, 1980). A similar 
mechanism likely occurs in fish (Stegeman, 1981; Stegeman and Kloepper-Sams, 
1987; Heilmann, 1988; Hahn et al., 1992; Pollenz et al., 1996).
DNA adducts
The formation of BP-DNA adducts occurs after metabolism of BP. BP is 
oxidized by CYP1A enzymes into hydrophilic metabolites that are conjugated by 
endogenous compounds, or transformed by hydrolytic enzymes (reviewed by 
Gelboin, 1980 and Di Giulio et al.,1995). A variety of products result from BP 
metabolism, including the highly reactive BP 7,8-diol 9,10-epoxide (anti-BPDE) 
(Gelboin, 1980, Nishimoto and Varanasi, 1985; Varanasi et al., 1989b). It is likely
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that BP is metabolized stereoselectively in hepatic microsomes of the English sole 
Pleuronectes vetulus such that N2-[10{3(7p,8a,9a-trihydroxy-7,8,9,10- 
tetrahydrobenzo[a]pyrene)yl]-deoxy-guanosine (<2«r/-BPDE-dG) is the primary 
adduct formed (Nishimoto and Varanasi, 1985). The binding of anti-BPDE to DNA 
may then cause a distortion of the DNA molecule (Kaufmann et al., 1989) and 
interfere with replication, leading to error-prone DNA repair followed by the 
occurrence of DNA mutations (Fahl et al., 1981; Arce et al., 1987; Marien et al.,
1989; Denissenko et al., 1998), and eventually tumor development (Weinstein, 1978; 
Wirgin and Waldman, 1998).
Repair o f BP-DNA adducts
Cellular repair mechanisms may affect the persistence of BP-DNA adducts in 
all tissues and subsequent DNA mutations post-exposure to BP (Kaufmann, 1989). 
BP-diol-epoxide-DNA (BPDE-DNA) adducts are primarily repaired by nucleotide 
excision repair (NER) that involves the recognition of damaged bases, excision of 
nucleotides surrounding the damaged bases, and DNA synthesis and ligation 
(Braithewaite et al., 1998). Less stable PAH diol epoxide DNA adducts are repaired 
by both NER and base excision repair (BER), in which a damaged base is released 
leaving an apurinic or apyrimidinic site in the DNA that is filled in by repair synthesis 
and ligation. Post-replicative recombinational repair links single-stranded DNA that 
results from the replication of BP-adducted templates, thus reducing the chance of 
DNA mutations (Zordan et al., 1994). Another form of postreplicative repair, SOS
4
bypass, is 75% error-prone because bases are inserted randomly across from BP 
during replication (Ivanovic and Weinstein, 1980).
PAHs and immunomodulation
The ability of BP and other PAHs to alter immune responsiveness has been 
well established. Coke-oven workers exposed to PAHs exhibited decreased 
mitogenic responses and altered B cell activity (Winker et al., 1997). In the 
laboratory, BP-exposed mice demonstrated reduced numbers of plaque forming cells 
to T-dependent and -independent antigens and suppressed antibody responses (Dean 
et al., 1983; Kawabata and White, 1987, 1989; Silkworth et al., 1995). T-cell 
ontogeny and thymic leukocyte cell markers were altered in mice exposed to BP in 
utero (Holladay et al., 1994; Lummus et al., 1995). In mammals, macrophages were 
less able to process antigen, produce cytokines, and stimulate T-cell responses 
following in vitro exposure to BP (DeLor and Sonnenfeld, 1985; Myers et al., 1987; 
Myers et al., 1988). Splenic leukocytes exposed to BP in vitro showed reduced 
plaque formation in response to sheep red blood cells (Kawabata and White, 1987). 
Bone marrow cell cultures exposed to BP in vitro demonstrated suppressed B cell 
lymphopoiesis and immature B cell apoptosis (Hardin et al., 1992; Yamaguchi et al., 
1997).
Some PAHs also may affect the ability of an organism to resist disease. Mice 
exposed to the highly carcinogenic PAH, 7,12-dimethylbenz(a)anthracene (DMBA), 
but not BP, exhibited suppressed B-cell lymphopoiesis, reduced numbers of plaque-
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forming cells and were more susceptible to tumor and bacterial challenge (Ward et 
al., 1984; Dean et al., 1986).
Evidence of a specific pathway of PAH-induced immunotoxicity suggests that 
immunocompetent cells are targets of BP. The aryl-hydrocarbon (Ah) receptor is 
present in the thymus of rodents (reviewed by Silkworth and Vecchi, 1985), thymus 
and tonsils of humans (Cook et al., 1987; Lorenzen and Okey, 1991) and human 
lymphoblastoid cell lines (Waithe et al., 1991). Induced CYP1A activities occur in 
the spleen of BP-exposed mice (Kawabata and White, 1989) and human 
lymphoblastoid cell lines (Waithe et al., 1991), lymphocyte and monocyte cell lines 
(Gelboin, 1980). Isolated murine spleen leukocytes metabolized BP to various 
compounds (Kawabata and White, 1987, 1989) including the carcinogenic anti-BPDE 
(Ladies et al., 1992). Reactive metabolites (e.g. anti-BPDE ) may interact with DNA 
to form BP-DNA adducts such as those detected in isolated human leukocytes 
exposed to BP in vitro (Jahnke et al., 1990; van Schooten et al., 1991). Alternative 
mechanisms of BP-immunotoxicity are also believed to occur by calcium dependent 
signaling pathways (Mounho et al., 1996), interactions between immunocompetent 
cells and adjacent Ah receptor positive cells (Yamguchi et al., 1997), or transport of 
DNA-adducting metabolites from the liver to hemopoietic tissues by serum (Ginsberg 
et al., 1989, Ginsberg and Atherholt, 1990).
Immunomodulation has also been documented in fish inhabiting PAH- 
contaminated areas. Winter flounder Pseudopleuronectes americanus from the 
Boston Harbor, MA exhibited altered numbers of leucocytes (Moore et al. 1989).
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Fish inhabiting a PAH-contaminated site in the Elizabeth River, Virginia manifested 
suppressed chemotactic, phagocytic, and chemoluminescent responses (spot and 
hogchoker Trinectes maculatus: Weeks and Warinner, 1986; Warinner et a l, 1988; 
Seeley and Weeks-Perkins, 1991), reduced numbers of macrophage aggregates 
(Winter flounder: Payne and Fancy, 1989), altered lymphoproliferative responses to 
mitogens (spot: Faisal et al., 1991a), and aberrant natural cytotoxic cell activity 
(mummichog: Faisal et al., 1991b).
Laboratory studies have shown that fish exposed to PAHs demonstrate altered 
immune responsiveness. Spot exposed to BP or BP-diol exhibited suppressed T- 
lymphocyte-like activity in response to Concanavalin A (Con A) (Faisal and Huggett, 
1993). Decreased plaque forming cell responses of anterior kidney and splenic 
leukocytes were present in chinook salmon Oncorhynchus tshawytscha exposed to 
DMBA (Arkoosh et al., 1994). BP-exposed tilapia Oreochromis niloticus 
demonstrated immunomodulation in the pronephros including cellular vacuolation, 
apoptotic cells and reduced numbers of lymphocytes (Holladay et al., 1998).
There is evidence that a mechanism of PAH-induced immunotoxicity exists in 
fish that is similar to PAH-immunotoxicity in mammals. Endogenous CYP1A was 
present in the spleen and anterior kidney of common carp Cyprinus carpio and the 
whole blood of plaice Pleuronectes platessa (Leaver et al., 1993; Marionnet et al., 
1997). The vascular endothelium of spleen was the major site of CYP1A activity in 
Atlantic cod Gadus morhua and scup Stenotomus chrysops (Stegeman et al., 1991; 
Husoy et al., 1994). Isolated leukocytes of spot metabolized benzo(a)pyrene to
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reactive intermediates (Rutan and Faisal, 1994). In T-lymphocytes of fish, a - 
naphthaflavone (ANF) inhibited PAH-immunotoxicity suggesting that CYP1A may 
mediate PAH metabolism (Faisal and Huggett, 1993). Nonetheless, few studies have 
addressed PAH-DNA adduction in the hemopoietic tissues and blood of fish. The 
formation of BP- or PAH-DNA adducts (covalent binding) in fish has been 
documented primarily in the liver, the major organ of biotransformation (Dunn et al., 
1987; Shugart et al., 1987; Kurelec et al., 1989; Varanasi et al., 1989a; Varanasi et al., 
1989b; Maccubbin and Black, 1990; Sikka et al., 1990; Stein et al., 1993; French et 
al., 1996).
Fish hemopoietic tissues: anterior kidney and spleen
Hemopoiesis is the process by which pluripotent stem cells differentiate into 
and form all other blood cells including erythrocytes, myeloid cells and 
immunocompetent cells (Cline and Golde, 1979). In teleost fishes, the anterior 
kidney is the major site of hemopoiesis (Sailendri and Muthukkaruppan, 1975a; 
Zapata, 1979; Zapata, 1981), although hemopoietic activity may occur in splenic 
tissues as well (Wickramsinghe, 1993). In teleost embryos, the anterior kidney, or 
pronephros, is composed of pronephronic tubules that function in excretory processes. 
Prior to hatching, it is likely that the pronephros is replaced partially or fully by 
hemopoietic tissue and central excretory functions are taken over by the trunk kidney, 
or mesonephros. Consequently, both excretory and hemopoietic elements have been
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found in the anterior and posterior kidney although the ratio between these two 
tissues may vary between species (Ellis and Munroe, 1976).
Several authors have reported on similarities between the piscine pronephros 
and the mammalian bone marrow. Hemopoietic stem cells and myeloid and 
lymphoid cells were found throughout the anterior kidney of teleosts (African mouth 
breeder Tilapia mossambica: Sailendri and Muthukkaruppan, 1975a; common carp: 
Secombes and Manning, 1980; roach Rutilus rutilus and gudgeon Gobio gobio: 
Zapata, 1981; striped bass Morone saxatilis: Bodammer et al., 1990). The anterior 
kidney was shown to have a homologous structural organization of the stroma and 
blood vessels to that of the bone marrow tissues (Zapata, 1979). The anterior kidney 
may be functionally similar to the bone marrow because the processes of hemopoiesis 
and cellular differentiation were documented here (Zapata, 1979, 1981). The elevated 
expression of the recombination activation genes (RAG1 and -2) in the teleost 
anterior kidney in comparison to spleen, posterior kidney and liver provided evidence 
that the anterior kidney has primary lymphoid components (Hansen and Kaattari, 
1996). Anterior kidney leukocytes of teleosts also function in antigen trapping 
(Secombes and Manning, 1980), cytotoxic responses (Faisal et al., 1989), and 
antibody secretion (Sailendri and Muthukkaruppan, 1975b; Davidson et al., 1993).
The spleen of most teleosts consists of red pulp (erythrocytes with 
occasionally dispersed leukocytes; Secombes and Manning, 1980), unorganized white 
pulp (lymphocyte cuffs; Ellis and Munroe, 1976), and ellipsoids (sheaths of reticular 
cells and macrophages surrounding capillaries; Ellis and Munroe, 1976; Bodammer et
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al., 1990, Zapata and Cooper, 1990). The spleen functions in trapping antigenic 
(Bodammer et al., 1990) and non-antigenic substances (Secombes and Manning, 
1980), and in erythropoeisis and granulopoiesis (Corbel, 1975; Ellis and Munroe, 
1976; Bodammer et al., 1990). T-like and B-like cells were functional not only in the 
anterior kidney but also the spleen and blood of channel catfish Ictalurus punctatus 
(Passer et al., 1996). Splenic lymphocytes of rainbow trout exhibited blastogenic 
responses to the mitogens Con A and lipopolysaccharide (LPS) (Warr and Simon, 
1983). Antigen stimulation in the African mouth breeder increased the number of 
lymphoid cells and dividing cells, vascularization, and frequency of plasma cells 
documented in the spleen (Sailendri and Muthukkaruppan, 1975b).
Macrophage aggregates (MAs) are structures frequently found in the teleost 
spleen (Vogelbein, 1991). MAs are believed to function as part of the teleost immune 
system by clearing particulate and soluble antigen and providing a microenvironment 
for the antigenic stimulation of immunocompetent cells (Ellis et al., 1976; Lamers, 
1986). MAs have been used as indicators of environmental quality because 
contaminants may modulate MA formation or prevalence (Wolke et al., 1985; 
Vogelbein, 1991).
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HYPOTHESES AND OBJECTIVES
It is well-known that cancer may be induced by chemical or physical 
alterations in DNA of primary target tissues such as the liver. Persistent BP-DNA 
adducts (covalent bonds between chemicals and nucleotides) in the liver may 
interfere with transcription or lead to mutations in the DNA, and alterations in cell 
function. In tissues harboring immunocompetent and hemopoietic tissues, DNA 
adducts also may cause irreversible genetic damage and subsequent alterations in 
immunocompetent or hemopoietic cells, though mechanisms of PAH-induced 
immunotoxicity remain to be elucidated.
Preliminary research in Dr. Faisal’s laboratory demonstrated that BP-DNA 
binding persisted in hemopoietic tissues and blood of mummichog for up to 167 days 
post-injection with tritiated BP, although the covalent nature of these BP-DNA 
associations was unknown. Therefore, the overall objective of this study was to 
examine the formation and persistence of aromatic DNA adducts (covalent binding) 
in hemopoietic tissues and blood of the mummichog, Fundulus heteroclitus.
Based on preliminary findings, I formulated the following hypotheses:
1. Benzo(a)pyrene metabolites will bind covalently to DNA to form BP-DNA 
adducts in the hemopoietic tissues (anterior kidney and spleen) and blood of 
adult mummichog injected with BP;
2. The levels of anterior kidney, spleen and blood BP-DNA adducts in adult 
mummichog will be comparable to those of liver;
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3. BP-DNA adducts will persist for up to 3 months post-injection the 
hemopoietic tissues and blood of adult mummichog;
4. BP-DNA adducts will persist in the hemopoietic tissues of immature 
mummichog exposed to BP as larvae;
5. Polycyclic aromatic hydrocarbon (PAH)-DNA adducts will be detected in the 
hemopoietic tissues and blood of adult mummichog inhabiting PAH- 
contaminated environments; and
6. The levels of DNA adducts in hemopoietic tissues and blood of feral 
mummichog will be comparable to those of the liver.
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MATERIALS AND METHODS
Study species
The mummichog is a small cyprinodontid teleost, which inhabits shallow 
brackish water coves, tidal creeks and even muddy pools or ditches (Bigelow and 
Schroeder, 1953). This species is abundant along the eastern coast of the U.S. and is 
likely non-migratory, assuming a small home range (Lotrich, 1975). Mummichog are 
used for toxicological studies for many reasons. First, they are ecologically important 
as prey (Eisler, 1986). Second, mummichog have the ability to biotransform PAHs. 
For example, the Ah receptor is present and evidence for the inducibility of CYP1A 
exists in the mummichog and other teleosts exposed to aromatic hydrocarbons (Hahn 
et al., 1992). Third, mummichog have a high tolerance to extreme variations in 
environmental conditions, making them easy to maintain in captivity (Atz, 1986; 
Eisler, 1986). Finally, because of their tolerance to extreme conditions, mummichog 
often are found in polluted areas including the Atlantic Wood site (AWS) (Elizabeth 
River, Virginia) (Vogelbein et al., 1990; Huggett et al., 1992). Nonetheless, cancer 
has been observed in mummichog from the Elizabeth River (Vogelbein et al., 1990) 
and elsewhere.
In addition to adult fish, embryonic and larval stages are used in toxicological 
studies because of their increased sensitivity to physical and chemical changes in the
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environment (Laale and Lerner, 1981; Weis and Weis, 1991). Small changes in the 
natural environment that affect temperature, oxygen, and food quality may alter early 
fish development (Mills, 1991). Contamination of aquatic systems may interfere with 
normal conditions resulting in cellular dysfunction, abnormal development or death 
of early life stages. Embryos and larvae inhabiting PAH-contaminated areas or 
exposed to PAHs in the laboratory exhibited higher mortality rates as well as 
morphological, cytogenetic, and histological abnormalities (Hose et al., 1984; 
Middaugh et al., 1988; Carls and Rice, 1988; Fong et al., 1993; Kocan et al., 1996). 
These life stages of fish are particularly useful as experimental models of PAH- 
toxicity because neoplasms can be induced in less than one year after exposure 
(Metcalfe and Sonstegard, 1984; Black et al., 1988; reviewed by Balch and Metcalfe, 
1996).
32P-postlabeling analysis
32P-postlabeling (PPL) analysis was developed for the identification of 
aromatic DNA adducts, bio markers of human exposure to genotoxins (Gupta et al., 
1982; Dunn and Stitch, 1986; Jahnke et al., 1990; van Schooten et al., 1992; Beach 
and Gupta, 1992; Mustonen et al., 1993). Since its development, PPL has been 
applied to diverse applications. PPL has been used to investigate DNA adducts in 
mammals and fishes exposed to environmental contaminants (Dunn and Stitch, 1986; 
Dunn et al., 1987; Kurelec et al., 1989; Stein et al., 1989; Varanasi et al., 1989a; 
Maccubbin and Black, 1990; Ginsberg and Atherholt, 1990; Hughes and Phillips,
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1990; Stein et al., 1993; Qu and Stacey, 1996; French et al., 1996). It also has been 
used in laboratory studies with in vitro exposures to aromatic compounds (Jahnke et 
a l, 1990; Roggeband et al., 1993; Wolterbeek et al., 1993).
PPL is a technique that allows for the detection of covalent adducts between 
PAH metabolites and DNA bases and is widely used in genotoxicity studies 
(described above). PPL is highly sensitive because low levels of DNA adducts are 
detected (ca. 1 adduct in 109- 1010 nucleotides) in small quantities of DNA (1 - 10 (ig 
per sample) (Beach and Gupta, 1992). The sensitivity in measuring adducts was 
crucial to this research for two reasons: (1) the persistence of low levels of BP-DNA 
adducts in the hemopoietic tissues was examined, and (2) DNA from the extremely 
small tissues (anterior kidney and spleen) of adult and 3-month-old mummichog was 
analyzed. PPL analysis of DNA adducts involves the following steps: 1) DNA is 
isolated and hydrolyzed, 2) the adducted nucleotides are enhanced, 3) adducts are 
labeled with 32P, 4) 32P labeled adducts are spotted on thin layer chromatography 
sheets and developed, and 5) detection and quantitation of DNA adducts by 
autoradiography and scintillation counting or phosphor imaging is performed.
Alternative methods for DNA adduct analysis are available, though they are 
less sensitive than PPL. Immunological techniques employ polyclonal and 
monoclonal antibodies to detect DNA adducts, but both methods have the potential to 
crossreact with aromatic adducts other than the one of interest (van Schooten et al., 
1991; Santella et al., 1992; Motykiewicz et al., 1995). The HPLC-fluorescence 
method and radiolabeled-BP tracing method do not allow for the differentiation
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between covalent and non-covalent adducts (Shugart et al., 1987; Schnitz and 
O’Connor, 1992). The former method measures DNA adducts indirectly by the 
hydrolysis of carcinogens from the DNA and the latter method measures radioactivity 
associated with the entire DNA molecule. Lau and Baird (1994) have established 
immobilized boronate chromatography together with HPLC analysis to detect and 
quantitate stereoisomers of the BPDE-dG adducts, though the validity of this method 
has yet to be determined by others.
Benzofa)pvrene preparation
To prevent photo-oxidation, BP was prepared under yellow lights (X > 400 
nm). BP was dissolved in benzene and the benzene evaporated with nitrogen gas for 
20 minutes. BP was redissolved in corn oil by sonicating for 15 minutes. An aliquot 
of the BP/com oil mixture (50 |il) was diluted in 10 ml dichloromethane and a 
standard (p-terphenol) was added to a concentration of 9.96 p-g/pl Approximately 1 
\i\ of the diluted BP/corn oil solution was analyzed for purity by gas chromatography 
with flame ionization detection (GC-FID).
Initiation and verification of P-postlabeling analysis (TPL)
P-postlabeling verification
The 32P-postlabeling step was tested to verify that the DNA adduct standard, 
anr/-benzo(a)pyrene-diol-epoxide-deoxyguanosine-3’-monophosphate {anti-BPDE- 
dG), purchased from the Midwest Research Institute, NCI Chemical Repository
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(Kansas City, MO) was labeled with 32P from [y-32P]ATP according to Reichert and 
French (1994). The concentrated stock solution of anti-BPDE-dG standard was 
dissolved in methanol to a concentration of 5 pmol/pl under yellow light (X > 400 
nm). Dilutions of 500, 100, 50, 10, and 5 fmol/pl were prepared on ice, the methanol 
evaporated, and then the anti-BPDE-dG redissolved in water to yield the same 
concentrations. The anti-BPDE-dG standards (concentrations of 5 -  500 fmol/pl) 
were 32P-postlabeled with 50 pCi [y-32P]ATP by polynucleotide kinase (PNK) and 
eluted on TLC sheets prepared at Dr. Reichert’s laboratory (NMFS-NMFSC, 2725 
Montlake Blvd E., Seattle, WA 98112). Autoradiography was performed and the 
optimal concentration of anti-BPDE-dG standard for comparing to DNA adducts of 
fish hemopoietic tissues was determined.
Thin layer chromatography (TLC) sheet verification
To establish the retentive properties of VIMS-prepared TLC sheets, two 
dilutions of anti-BPDE-dG standards (50 and 5 fmol/pl) were labeled with 50 pCi [y- 
32P]ATP, a dilution of each spotted and chromatographed on both VIMS-prepared 
and Dr. Reichert’s TLC sheets, and autoradiography was performed as described 
below.
Fish collection and treatment
Formation and persistence o f BP-DNA adducts
Mummichog (length, 70-80 mm; weight, 6.5 -  7.5 g) were collected using
17
standard minnow traps from Carmine’s Island, a non-contaminated site in the York 
River. To confirm the low level of pollution at the site of collection, sediments were 
collected, extracted, and analyzed by gas chromatography with flame ionization 
detection (GC-FID) (van den Hurk, 1998a). In order to prevent potential mortalities 
by monogenetic trematodes, fish were dipped in well water and 5 % formalin, 
sequentially for 45 minutes each. Fish were maintained in 20 gallon flow-through 
tanks supplied with 1 pm filtered York River water (600 ml/hr, 15-18 ppt salinity). 
Fish were acclimated at least 2 weeks prior to the start of an experiment. Water 
temperature was maintained at 20-22°C. Fish were fed daily with Tetra Marin® at 3 
-  4 % of their body weight.
Mummichog were anesthetized with 100 mg/1 tricaine methanesulfonate 
(MS222), and injected with a single dose of 25 pi of 4.5 mg BP / ml com oil or 25 pi 
com oil alone intraperitoneally. Corn oil was chosen as a solvent-vehicle in this study 
because mortality studies done in our laboratory demonstrated that as a solvent- 
vehicle, Alkamuls (Emulphor): acetone (50:50) was slightly toxic to mummichog in 
comparison to corn oil and in combination with BP, it lowered the LD50 value for BP 
from 35.7 to 31.2 mg kg'1 (unpublished data; van den Hurk et al., 1998b). Fish (n = 5- 
6) were sampled at 8, 16, 32, and 96 days post-injection. In this study 96 days was 
chosen as an endpoint of comparison with the preliminary experiment. The caudal 
vein was severed and blood samples were taken in heparinized microhematocrit 
tubes. Liver, anterior kidney and spleen were removed and frozen immediately in 
liquid nitrogen. Tissue was stored at -80°C until processed.
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BP-DNA adducts in 3-month-old mummichog
As part of an EPA-funded study in Dr. W. Vogelbein’s laboratory at VIMS, 
mummichog eggs were fertilized and used for this experiment. Newly hatched 
mummichog larvae were injected with either 0.3 mg/kg BP dissolved in 
Alkamuls:ethanol:water (30:10:60) or Alkamuls:ethanol:water (solvent-vehicle) 
alone. The amount of BP injected was based on mortality studies and development of 
the microinjection method in Dr.Vogelbein’s laboratory. Following injection, larvae 
were maintained for 1 to 2 weeks in 1 1 of York River water in a Carolina culture 
dish and fed freshly hatched Artemia nauplii. The water in dishes was changed daily. 
After 1 to 2 weeks, the larvae were added to a flow-through system similar to that 
described above except that water was also UV-irradiated. Fish were fed twice daily 
with TetraMarin® and freshly hatched Artemia nauplii. Fish were sacrificed 3 
months post-injection, and tissues removed and stored (described above).
DNA adducts in mummichog from the Atlantic Wood site, Elizabeth River, VA
Mummichog were collected from the small tidal creek adjacent to a former 
wood-treatment facility located in the Elizabeth River, Virginia using standard 
minnow traps (Atlantic Wood Industries, Inc.). At the creosote-contaminated 
Atlantic Wood site (AWS), the total PAH fraction has been reported as ranging from 
595 to 132,645 ppm dry wt sediment (Smith et al., 1984, Hale and Smith, 1988; Hale 
and Smith, 1991; Vogelbein et al., 1993). Fish were transported live to the laboratory
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where they were sacrificed shortly thereafter. Tissues and blood were collected and 
stored as described above.
Detection of DNA adducts by 32P-postlabeling analysis
32P-postlabeling analysis of DNA adducts was performed as detailed by 
Reichert and French (1994). Plexiglas materials including carousels, TLC multi-sheet 
holders, and pipette shields were custom-manufactured at Kay Gee Plastics (Norfolk, 
VA) as described by Reddy and Blackburn (1990).
DNA isolation
Tissue was thawed and kept on ice. Tissue (125-250 mg) was placed in 1.7 ml 
10 mM Tris/100 mM EDTA and separated with a glass homogenizer. The crude 
nuclei were pelleted at 4°C for 10 minutes at 3,000 x g. Supernatant was removed 
and the pellet was then resuspended in 1% sodium dodecyl sulfate (SDS)/20 mM 
EDTA (pH 7.4) solution. RNAse A, RNAse Ti and a-amylase solution (4 pi) was 
added and the mixture incubated for 30 minutes at 37°C. Proteinase K in 1 M Tris- 
HC1 (10 mg/ml) was added and the sample incubated 30 minutes at 37 °C. Proteins 
were removed by sequential organic solvent extractions: one volume of the 
appropriate solvent was added, mixed by inverting tube, centrifuged at maximum 
speed, and the organic layer removed. The following solvents were used: phenol, 
phenolxhloroform: isoamyl alcohol (25:24:1), and chloroform: iso amyl alcohol, 24:1. 
NaCl (5 M) was added at 0.1 volume to the aqueous phase and 1 volume of cold
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100% Ethanol was added to precipitate DNA. The DNA was pelleted by 
centrifugation and washed with 1 ml 70% EtOH and re-centrifuged. DNA was 
dissolved in the appropriate amount of TE (10 mM Tris/lmM EDTA, pH 7.4) buffer. 
The absorbences were measured against a TE buffer blank at 230, 260 and 280 nm 
using a spectrophotometer.
Thin Layer Chromatography (TLC) sheet preparation
The TLC sheets were prepared by initially blending 0.5 -  0.75 % 
polyethyleneimine (PEI) with 29 g of MN 301 cellulose powder. The mixture was 
degassed under vacuum and spread onto a matte vinyl sheet using a Desaga TLC 
spreader. Sheets were dried overnight, washed in deionized water, dried, cut to size 
and stored for up to 3 months at -20°C.
Enzymatic hydrolysis
Each DNA sample was dissolved in TE buffer (1.6 jig/pl DNA solution). 
Micrococcal nuclease (MN) / spleen phosphodiesterase (SPD) solution was prepared 
by adding 5 Jill MN (1 mg/ml) to 20 jug SPD (ammonium sulfate solution removed) 
and 5 |il buffer (20 mM sodium succinate, 10 mM calcium chloride, pH 6.0) for each 
sample. The MN / SPD solution (10 |il) was added to each DNA sample and DNA 
was digested to 3’-monophosphates by centrifuging, mixing, and incubated for 3-6 
hours at 37 °C.
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Enrichment o f DNA adducts using nuclease Pi
Nuclease Pi solution was prepared by adding 2 j l l I  of 4 mg nuclease Pi/ml to 
0.9 pi 1 M sodium acetate and 4.1 pi of 1 mM zinc chloride for each sample.
Nuclease Pi solution (7 pi) was placed at the bottom of each tube and 10 pi of DNA 
enzyme hydrolysate was added to it. Samples were incubated for 30 minutes at 37 °C 
and centrifuged for 5-10 seconds. Tris base (0.5 M, pH 9.6) was added to the 
hydro lysate and centrifuged for 5-10 seconds.
[ y-32P]ATP synthesis premix
Glassware and plasticware used to make the premix was soaked in distilled, 
deionized water for several hours to remove non-radio active phosphates. All 
enzymes were kept on ice during enzyme premix preparation. Enzyme premix A was 
prepared by adding 200 pi glycerol-3-phosphate dehydrogenase (2 mg/ml), 2 pi 
triosephosphate isomerase (2 mg/ml), 40 pi glyceraldehyde-3-phosphate 
dehydrogenase (10 mg/ml), 4 pi 3-phosphoglycerate kinase (10 mg/ml) and 40 pi 
lactate dehydrogenase (5 mg/ml). Reagent solution B was prepared by combining 
62.5 pi sodium pyruvate (4.4 mg/ml), 150 pi dithiothreitol (0.1 M), 250 pi Tris, pH 
9.0 (0.5 M), 125 pi of 2.4 mM I-glycerol-3-phosphate (2.4 mM), 125 pi p-NAD+ (10 
mM), 100 pi MgCb (0.3M), and 62.5 pi ADP (2 mM). Buffer solution C was made 
with 42 pi dithiothreitol (0.1 M), 21 pi Tris, pH 9.0 (0.5 M), and 375 pi ddH20. The 
synthesis premix was then prepared by adding 30 pi enzyme mix A to a 1.5 ml tube 
and centrifuging for 5 minutes at 11,000 x g. The ammonium ion supernatant was
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removed and 400 pi buffer solution C added to dissolve the precipitated enzymes. A 
220 pi aliquot of this mixture was added to 875 pi of reagent solution B and vortexed. 
The premix was aliquoted and stored at -80 °C.
[y-32P]ATP synthesis
Carrier-free 32Phosphorous (orthophosphoric acid) (2 mCi, NEN Life 
Sciences, Boston, MA) was acid treated with 0.1 N HC1 for 1-2 hours at room 
temperature, and prior to synthesis, 0.055 volume of 0.2 M Tris base was added. 
Synthesis premix (20 pi) was added to the 2 mCi 32Pithat was in 40 pi of solution.
The mixture was vortexed and placed at room temperature or 37 °C for approximately 
2 hours. The mixture was vortexed every 1 5 -2 0  minutes during this time period. A 
0.1 -  0.3 pi aliquot of the reaction mixture was spotted on a PEI-cellulose sheet and 
developed in 1 M lithium chloride. After chromatography, the chromatogram was 
exposed to film for 10-30 seconds and developed as described below. If the reaction 
did not go to completion, the solution was vortexed, placed for another hour at 37 °C, 
and then reanalyzed as described above.
32P-postlabeling o f DNA adducts
A [y-32P]ATP labeling solution was prepared by combining 8 units T4- 
polynucleotide kinase (PNK), 5 pi labeling buffer (0.1 M bicine, 0.1M magnesium 
chloride, 10 mM spermidine, 0.1 M dithiothreitol, pH 9.0), and 70 pCi [y-32P]ATP 
(specific activity 3000 Ci/mmol) for each sample. The labeling solution (10 pi) was
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added to each sample, placed in a preheated Plexiglas carousel and centrifuged 5-10 
seconds. The carousel was placed in a water bath at 37°C and incubated 45 minutes. 
Each hydro lysate was centrifuged, mixed, and spotted (5-20 pi) on the origin of a PEI 
cellulose TLC sheet with a Whatman chromatography paper wick stapled to the top 
of the sheet.
Thin layer chromatography (TLC)
TLC sheets were placed in a multisheet TLC containing 1.0 M sodium 
phosphate (pH 6.0) and developed in the D1 direction overnight. The D2 direction of 
chromatography was omitted. Dimensional chromatography was performed in the 
D3 and D4 directions as previously described using 4.5M lithium formate, 8.5 M 
urea, pH 3.5 for D3 and 1.6 M lithium chloride, 0.5 M Tris, 8.5 M urea, pH 8.0 for 
D4. After each step the TLC sheets were rinsed, soaked in deionized water for 10 
minutes and dried with a hair dryer.
Specific activity o f [y-32P]ATP
A  solution of 2 -deoxydenosine-3-monophosphate (dA) (1 x 10‘7 M) was 
prepared and absorbency at 260 nm measured. A [y-32P]ATP labeling solution was 
prepared by combining 8 units T4-polynucleotide kinase (PNK), 2.5 pi labeling 
buffer (0.1 M bicine, 0.1 M magnesium chloride, 10 mM spermidine, 0.1 M 
dithiothreitol, pH 9.0), 2.5 pi deionized water and 20 pCi [y-32P]ATP (specific 
activity 3000 Ci/mmol) for each sample. The labeling solution (5 pi) was added to 10
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pi of dA (10'7 M), placed in a preheated Plexiglas carousel and centrifuged 5-10 
seconds. The carousel was placed in a water bath at 37°C and incubated 45 minutes. 
Each hydro lysate was centrifuged, mixed, and then spotted (5-20 pi) on the origin of 
a PEI cellulose TLC sheet with a Whatman chromatography paper wick stapled to the 
top of the sheet. TLC sheets was place in a tank with the chromatography solvent 
(0.24 M ammonium sulfate, 8 mM sodium phosphate, pH 7.4) and TLC was 
performed in the D1 (dimension 1) direction. The labeled dA spot was located by 
autoradiography as described below.
32P-postlabeling o f DNA bases
This step was done to determine the total number of bases used to analyze for 
DNA adducts. The [y-32P]ATP labeling solution was prepared by combining 8 units 
T4-polynucleotide kinase (PNK), 7.3 pi labeling buffer (0.1 M bicine, 0.1M 
magnesium chloride, 10 mM spermidine, 0.1 M dithiothreitol, pH 9.0), 1-2 pCi [y- 
32P]ATP (specific activity 3000 Ci/mmol), and 2.4 pi adenosine triphosphate (0.5 mg 
ATP/ml) for each sample. The diluted enzyme hydro lysate (10 pi) was placed in a 0.5 
ml tube, in a preheated carousel. The [y-32P]ATP labeling solution (10 pi) was added 
to each tube and the carousel centrifuged and mixed. The carousel was incubated 45 
minutes at 37 °C. Samples was centrifuged, mixed, spotted (10 pi) on a PEI-cellulose 
TLC sheet, and developed in bases buffer (0.24 M ammonium sulfate, 8 mM sodium 
phosphate, pH 7.4).
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The specific activity of the [y-32P]ATP bases labeling mix was determined by 
adding 5 jxl of the labeling solution to 10 ml of scintillation cocktail and counting on 
a liquid scintillation counter. In addition, 0.3 pi of the solution was spotted on a TLC 
sheet, and developed in 1 M lithium chloride. The chromatogram of the labeling mix 
was analyzed by phosphor image analysis to determine the ratio of [y-32P]ATP to 32P.
Autoradiography
DNA adducts were initially located using screen enhanced autoradiography. 
TLC sheets were placed in a cassette and autoradiography film was added in a dark 
room. Film was exposed to TLC sheets for 2-72 hours (depending on the amount of 
radioactivity in samples) at -80°C. The cassette was brought to room temperature, 
and the film developed.
Phosphor image analysis
DNA adducts, specific activity of solution, and total bases were quantitated 
using storage phosphor imaging. Chromatograms of DNA adducts were wrapped in 
saran wrap and exposed to storage phosphor screens for 6 to 24 hours. 
Chromatograms of DNA bases and specific activity were exposed for 30 minutes. 
Following exposure, screens were scanned using a Phosphorlmager Model 445 SI 
(Molecular Dynamics, Sunnyvale, CA) at the Medical College of Virginia - Virginia 
Commonwealth University DNA Core Laboratory in Richmond, VA and images 
processed using ImageQuant (v. 4.1; Molecular Dynamics, Sunnyvale, CA). The
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screen signal was converted to distintegrations per minute using a calibration strip 
containing 3-5 serial dilutions of a 32P solution.
Calculations:
a) DNA purity and quantity:
The absorbency ratios of 260/230 and 260/280 were determined to estimate 
protein contamination. The concentration of DNA were calculated as follows: 
mg DNA / ml = (A260)(dilution factor)/22.9 ml/mg DNA).
b) Number o f adducts/DNA
Total DNA adducts measured:
fmol adduct(s) = (dpm for DNA adduct spot)(labeling aliquot correction 
factor)(l/[y-32P]ATP specific activity)
Total DNA analyzed for adducts:
nmol nucleotides = (dpm for DNA base spot(dT))(conversion factor for 
nmol dT to nmol DNA)(spotting aliquot factor)(DNA enzyme hydrolysate 
dilution correction factor)(1/specific activity of bases labeling [y-32P]ATP)
Calculation of DNA damage level:
nmol adducts / mol nucleotides =
amount of DNA adducts measured / amount of DNA used
Statistical analysis
A two-way, fixed-factor ANOVA and Student-Newman-Keuls (SNK’s) Test 
for pairwise comparisons were used to identify differences in mean BP-DNA adduct 
levels among tissues over time in the laboratory study. The dependent variable was 
DNA adducts (nmol adduct per mol nucleotides) and the factors were tissue (liver,
27
anterior kidney, spleen) and time (day 8, 16, 32, and 96 post-injection). Residual 
errors were analyzed for normality and homogeneity of variance using Kolmogorov- 
Smirnov’s test and Levene’s test, respectively, and data was logio transformed to 
equalize variances (Zar, 1996).
A two-way ANOVA without replication and SNK’s test were used to examine 
differences in mean PAH-DNA adduct levels among tissues of fish from the Atlantic 
Wood site (Sokal and Rohlf, 1981). The dependent variable DNA adducts and the 
factors were tissue (liver, anterior kidney, spleen) and fish (fish 1, fish 2, fish 3, fish 
4). The two-way ANOVA without replication was necessary because there were no 
replicate fish samples taken. The main assumption of this test is that there are no 
interactions between factors (tissue and fish). Residual errors were analyzed as 
described above.
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RESULTS
Initiation and verification of 32P-postlabeling analysis (PPL)
32P-postlabeling assay involves many variables such as TLC sheet retentive 
properties, concentration and pH of TLC solvent mixtures, activity of polynucleotide 
kinase, specific activity of [y-32P] ATP and concentration of [y-32P] ATP in solution. 
Therefore, to assure the quality of the PPL method, the postlabeling step and thin 
layer chromatography sheet characteristics of 32P-postlabeling analysis were tested 
prior to the investigation of polycyclic aromatic hydrocarbon (PAH) -  DNA adducts 
in fish hemopoietic tissues and blood.
P-postlabeling verification
Dilutions of arcft'-benzo(a)pyrene-diolepoxide-deoxyguanosine-3 
monophosphate (a«r/-BPDE-dG) standards were accurately labeled with 32P and 
chromatographed correctly (Figure 1). The five concentrations (5 -  500 fmol/pl) of 
32P-labeled anti-BPDE-dG standards were detected at the appropriate positions on 
TLC sheets and eluted properly by dimensional thin layer chromatography as 
determined by autoradiography. The intensity of 32P-labeled anti-BPDE-dG spots 
was proportional to the relative concentration of the a«?/-BPDE-dG as determined by 
two-dimensional chromatography, autoradiography, and scintillation counting. These
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99results not only verified that the ' P was labeled correctly onto the DNA adduct 
standards, but also provided evidence that the chromatography solvents were
99prepared accurately and that the polynucleotide kinase (PNK) was transferring P 
properly from [y-32P]ATP.
Thin layer chromatography(TLC) sheet verification
There were no obvious discrepancies in the retentive properties of TLC sheets 
made at VIMS or those supplied by Dr. Reichert. Specifically, the rmft-BPDE-dG 
standards migrated only slightly farther in the D3 direction on VIMS’ TLC sheets in 
comparison to Dr. Reichert’s sheets (Figure 2). The differences in properties between 
the TLC sheets were negligible for the determination of BP- and other aromatic- 
DNA adducts.
99Quality assurance of P-postlabeling analysis
All measures of PPL quality assurance indicated that the radioactive spots 
detected in the experimental samples were those associated with DNA of exposed 
fish. First, the enzymatic synthesis of [y-32P]ATP was successful in all PPL. The 
specific activity of the [y-32P]ATP was determined to be acceptable for PPL analysis 
by labeling a known amount of deoxyadenosine-3’-monophosphate (6 x 10 ~13 moles) 
(Figure 3). Second, the enzymatic transfer of 32P from [y-32P]ATP to DNA adducts 
went to completion because excess [y-32P]ATP was detected in the labeling solution 
following postlabeling of adducts (Figure 4). Third, the 32P-postlabeling of DNA
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Figure 2. Computer-generated images of PEI-cellulose TLC maps of 32P- 
labeled dmfr’-benzo(a)pyrene diolepoxide-deoxyguanosine (BPDE-dG) 
standards using TLC sheets made at (A) VIMS and at (B) Dr. William 
Reichert’s laboratory in Seattle, WA. The origin is located in the bottom 
left corner of each image. The adducts were analyzed by storage phosphor 
imaging.
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Figure 4. Computer-generated image of one-dimensional PEI-cellulose TLC of 
[y_32p] ATP labeling solution following postlabeling of DNA adducts. A 0.3 jllI 
aliquot was eluted in 0.3 M ammonium sulfate and 8 mM sodium phosphate, pH 
7.4. Film was exposed for 30 seconds at 23 °C.
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adducts was verified by positive controls {anti-BPDE-dG standards), which 
demonstrated a single adduct spot, and negative controls (testes DNA digests of non­
exposed mummichog and hepatic tissue of mummichog injected with corn oil only), 
which showed only background radioactivity (Figures 7 -  10 a -  c, 13 -  14 a - c). 
The DNA adducts resolved by PPL (described below) were normalized to the total
32DNA bases, which were accurately determined by ' P-postlabeling an aliquot of the 
enzyme hydrolyzed DNA followed by one-dimensional chromatography (Figure 5).
39The specific activity of the [y- P]ATP bases labeling solution was also necessary for 
the quantification of total DNA bases in each sample (Figure 5). Finally, not only 
were DNA bases labeled correctly, but RNA and DNA bases were discerned by their 
migration on one-dimensional PEI-cellulose TLC sheets (Figure 6).
Formation and persistence of BP-DNA adducts
The chromatographic profiles of BP-DNA adducts from all tissues and blood 
of fish injected with BP (12 mg / kg body weight) and sampled between 8 - 9 6  days 
post-injection demonstrated a major BP-DNA adduct spot that co-chromatographed 
to the same approximate position as the arcft-BPDE-dG standard (Figure 7 - 11). The 
mean levels of BP-DNA adducts were significantly higher in the liver and anterior 
kidney than in the spleen, though no significant differences were detected between 
anterior kidney and liver BP-DNA adduct levels at any sampling day (Table 1, Figure 
12). BP-DNA adducts also were significantly different among days post-injection.
In fish sampled 8 days post-inject ion, the mean number of BP-DNA adducts
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Table 1. (A) Two-way ANOVA of BP-DNA adducts in anterior kidney, 
spleen, and liver of Fundulus heteroclitus sampled on 8, 16, 32, and 96 days 
post-injection. Fish were injected with a single dose of BP (12 mg/kg body 
wt.). Data were logio-transformed. (B) Student-Newman-Keul’s multiple 
comparisons for differences among tissues (top) and days post-injection 
(bottom). The asterisks denote a significant difference between tissues or 
days post-injection.
(A)
Source of variation df MS F P
Tissue 2 1.110 9.812 <0.001
Days post-injection 3 1.669 14.752 <0.001
Tissue x Days p.i. 6 0.102 0.906 0.500
Error 41 0.113
(B)
Tissue
Spleen Anterior Kidney Liver
Spleen * *
Anterior Kidney
Liver
Days Post-injection
Day 8 Day 16 Day 32 Day 96
Day 8 * * *
Day 16 *
Day 32 *
Day 96
43
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100
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16 64 80 960 4832
Days Post-injection
Figure 12. Benzo(a)pyrene (BP) - DNA adducts in the hemopoietic tissues 
and liver of mummichog after a single dose of BP (12 mg/kg body wt.). 
Values are means + S.E., n = 4-6.
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in anterior kidney (8 ± 2 nmol adducts / mol nucleotides) was less than that of spleen 
( 1 1 + 4  nmol adducts / mol nucleotides), and liver (13 ± 3 nmol adducts / mol 
nucleotides SE) (Figure 12). Furthermore, BP-DNA adduct levels in the pooled 
blood of fish sampled on this day were of the same order of magnitude as liver, 
anterior kidney and spleen BP-DNA adducts (Table 2).
From 8 to 16 days post-injection, BP-DNA adduct levels increased rapidly in 
the liver (75 ± 23 nmol adducts / mol nucleotides) and anterior kidney (36 ± 15 nmol 
adducts / mol nucleotides), which demonstrated significantly higher levels than in the 
spleen (17 ± 5 nmol adducts / mol nucleotides SE), where DNA adducts accumulated 
slowly (Table 1, Figure 12). The maximum levels of BP-DNA adducts were detected 
at 32 days post-injection, and were significantly higher in the liver (137 ± 49 nmol 
adducts / mol nucleotides) and anterior kidney (100 + 28 nmol adducts / mol 
nucleotides) than in the spleen (30 ± 7 nmol adducts / mol nucleotides SE) (Table 1, 
Figure 12). The maximum levels of BP-DNA adduct formation also were detected at 
32 days in pooled blood samples (Table 2, Figure 9). Minor BP-DNA adducts were 
present in some anterior kidney and spleen samples at 16 days, and some liver, 
anterior kidney and spleen samples at 32 days post-injection, but these adducts 
represented less than 2 % of the total BP-DNA adducts in each sample (<3.1  nmol 
adducts / mol nucleotides) (Figure 11).
At 96 days post-injection BP-DNA adduct levels were 65%, 58% and 47% of 
the maximum levels in the anterior kidney, liver, and spleen, respectively (Figure 12). 
Similarly, BP-DNA adducts in pooled blood samples declined to 89% of the
45
Table 2. BP-DNA adduct levels in pooled blood samples of Fundulus 
heteroclitus sampled on 8, 16, 32, and 96 days post-injection. Fish were 
injected with a single dose of BP (12 mg/kg body wt.).
BP-DNA Adducts (nmol adducts / mol nucleotides)
Day 8 Day 16 Day 32 Day 96
Blood (n = 1, 13.4 39.4 78.3 8.7
pools of 6 fish each)
46
maximum levels of adducts by 96 days post-injection (Table 2). At this time, BP- 
DNA adducts were significantly higher in the liver (57 ± 15 nmol adducts / mol 
nucleotides) and anterior kidney (36 ±13 nmol adducts / mol nucleotides) than in the 
spleen (16 + 6 nmol adducts / mol nucleotides SE) (Table 1, Figure 12).
BP-like DNA adducts were not detected in any control fish (injected with corn 
oil only) sampled 8, 16, 32 and 96 days post-injection (Figures 7b, 8 -  10 c).
BP-DNA adducts in 3-month-old mummichog
BP-DNA adducts were not detected in any tissues of fish injected with BP 
(0.3 mg / kg body weight) or solvent-vehicle as larvae and sampled 3 months post­
injection (Figure 13). Some background radioactive spots appear in the lower right 
corner of chromatograms.
DNA adducts in mummichog from the Atlantic Wood site
A diagonal radioactive zone of overlapping aromatic DNA adducts was 
detected in all tissues and blood of mummichog captured from the PAH-contaminated 
Atlantic Wood site (AWS) of the Elizabeth River, Virginia (Figure 14). The DNA 
adducts detected overlapped with the anti-BPDE-dG standard. In mummichog from 
the non-contaminated reference site, Carmine’s Island (York River, VA), hepatic 
DNA adducts were not detected. Atlantic Wood site fish demonstrated significantly 
higher levels of DNA adducts in spleen (394 ± 109 nmol adducts / mol nucleotides) 
than in liver (201 ± 77 nmol adducts / mol nucleotides) and in anterior kidney
47
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(211 ±68  nmol adducts / mol nucleotides SE) (ANOVA, F = 6.083, df = 2, p = 0.036; 
Figure 15). The pooled blood of AWS fish (n = 1, pool of 4 fish) exhibited similarly 
high levels of DNA adducts (142 nmol adducts / mol nucleotides).
50
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Figure 15. DNA adduct levels in the liver (L), anterior kidney (AK), 
spleen (S), and pooled blood (n = 1; pool of 6 fish) (PB) of mummichog 
from the PAH-contaminated Atlantic Wood site (Elizabeth River, VA). 
The asterisk denotes the tissue that differed from other tissues in Student- 
Newman-Keul’s multiple comparisons and error bars represent ± one 
standard error, n = 4.
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DISCUSSION
Formation and persistence of BP-DNA adducts
In this study, BP-DNA adducts persisted for at least 96 days in the liver, 
anterior kidney, spleen, and blood of adult mummichog injected with a sublethal dose 
of BP. The maximum levels of BP-DNA adduct formation were detected by 32 days 
post-injection in all tissues examined. Liver and anterior kidney DNA adduct levels 
were significantly higher than those in spleen from 16 to 96 days. Pooled blood BP- 
DNA adduct levels were comparable to those in the anterior kidney and liver. Only 
one major BP-DNA adduct spot was detected in all tissues and this adduct co­
chromatographed with the anti-BPDE-dG standard.
Characterization o f BP-DNA adducts
The major BP-DNA adduct detected in all tissues and blood was most likely 
the BPDE-dG adduct because it migrated the same approximate distance in the D3 
and D4 directions as the anti-BPDE-dG adduct standard (Figures 7 - 1 0 ) .  Although 
there were small differences in the exact position of BP-DNA adducts in liver 
samples of mummichog, they were attributed to the small, unavoidable technical 
problems of TLC (e.g. sheet cutting). Previous investigations of PPL analysis also
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demonstrated slight differences in the position of BPDE-dG adducts among samples 
and standards (Stein et al., 1993).
Both syn- and anti- BPDE-dG adducts likely were present in mummichogs 
because the major BP-DNA adduct spot often was elongated in shape (Figures 7 -  
11). Though we did not use a second method to distinguish syn- and anti-BPDE-dG 
stereoisomers, it is probable that the anti-BPDE-dG adduct was dominant in this 
study because fish were injected with relatively low doses of BP (12 mg/kg body wt). 
In previous studies, syn- and anti-BPDE-dG adduct stereoisomers were resolved by 
PPL and verified by another method such as acid hydrolysis and HPLC (Shugart et 
al., 1987). In English sole, brown bullhead lctalurus nebulosus, and bluegill sunfish 
Lepomis macrochirus injected with low doses of BP (2 -  20 mg/kg body wt), the 
majority of adducts were determined to be syn-BPDE-dG adducts (Nishimoto and 
Varanasi, 1985; Shugart et al., 1987; Sikka et al., 1990). In contrast, syrc-BPDE-dG 
adducts were detected at higher levels than anti- stereoisomers in fish injected with 
high doses of BP (25 and 100 mg/kg body wt) (Varanasi et al., 1989, Stein et al., 
1993). Determining the proportion of anti-BPDE-dG adducts in tissues is important 
because this is the most mutagenic BP-DNA adduct (Koreeda et al., 1976; Huberman 
et al., 1976).
A minor BP-DNA adduct spot also was detected in some tissues at 16 and 32 
days post-injection (Figure 11). Since this spot was detected at low levels in only 
some samples at 16 and 32 days, it may represent a less stable adduct than anti- 
BPDE-dG or may be a degradation product of nuclease Pi enhancement or
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postlabeling. The identification of all BP-DNA adducts by acid hydrolysis and HPLC 
would help to characterize each radioactive spot resolved by PPL.
BP-DNA adduction in the liver
Based on previous reports of hepatic BP-DNA adduction in other fishes, it 
was expected that BP-DNA adducts would form in the liver of BP-exposed 
mummichog. In this study, hepatic BP-DNA adducts were detected by 8 days and 
reached maximum levels by 32 days post-injection in exposed mummichog.
Similarly, in brown bullheads injected with slightly higher levels of BP in corn oil (20 
mg/kg body wt), the highest levels of hepatic BP-DNA adducts were found by 30 
days post-injection (Sikka et al., 1990). Although Ploch et al. (1998) found peak 
levels of hepatic BP-DNA adducts by 14 days post-injection in brown bullheads and 
channel catfish injected with BP in corn oil (20 mg/kg body wt), DNA adducts were 
not measured between 14 and 45 days post-injection. Hepatic BP-DNA adduct levels 
may also differ slightly in these studies as a result of species differences in 
metabolism and DNA repair.
The presence of BP-DNA adducts in the liver indicates that BP is metabolized 
in the mummichog to reactive metabolites that can bind to hepatic DNA. BP may be 
absorbed through the portal circulation, and transported into the liver, where it is 
biotransformed (Stegeman 1981, Stegeman and Kloepper-Sams 1987, Heilmann 
1988, Hahn et al., 1992, Pollenz et al., 1996). The liver of Fundulus species is a 
major site of BP metabolism because of the binding of BP to the aryl hydrocarbon
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(Ah) receptor (Hahn et al., 1992, Willett et al., 1995), induction of cytochrome 
P4501A (CYP1A), transcription of CYP1A mRNA, enhancement of CYP1A activity 
(EROD and AHH), metabolism of BP to the proximate carcinogenic intermediate 
(BP-7,8-diol), and subsequent formation of reactive, DNA-binding intermediates 
(Hahn et al., 1992; Cochran 1994, Willett et al., 1995, Van Veld et al., 1997, van den 
Hurk et al., 1998a).
Extrahepatic tissues may also contribute to metabolism of BP. Mummichog 
injected intraperitoneally with BP (50 mg/kg body wt) exhibited high levels of 
CYP1A in hepatocytes, gill pillar cells, kidney tubular epithelium and heart 
endothelium (Cochran 1994). Analogously, mummichog exposed to BP by water or 
diet demonstrated respectively that the highest levels of CYP1A were present in the 
gill pillar cells, heart endothelium and general vasculature or gut mucosal cells only 
(Van Veld et al., 1997).
Several other mechanisms of DNA damage by BP or PAH metabolites may 
occur in fish. Oxidative DNA damage may result from the accumulation of 
xenobiotics, uncoupling of CYP1A, increased levels of hydrogen peroxide (H2O2) 
and the subsequent conversion of H202to the hydroxy radical (*OH) (Imlay et al., 
1988). The *OH may attack guanine and adenine forming products such as 8- 
hydroxyguanine, 8-hydroxyadenosine, and cleavage products (e.g. 2,6-diamino-4- 
hydroxy-5-formamidopyridine). It is unlikely that these small, non-bulky adducts 
would resist the activity of nuclease Pi, utilized in this study as an enhancement step
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before labeling adducts with P, although they may be detected by high-performance 
liquid chromatography (HPLC)-coupled PPL analysis (Beach and Gupta, 1992).
BP-diol also may be epoxidized by various biochemical systems that generate 
peroxyl radicals (ROO*). During prostaglandin biosynthesis, BP 7,8 - diol may be co­
oxidized to BP 7,8-dio 1-9,10-epoxide (BPDE). In rodent alveolar type II cells, 
prostaglandin-dependent BP-7,8-diol oxidation occurred at higher levels than did 
CYP1A -dependent BP-7,8-diol oxidation (Sivarajah et al., 1983). Similarly, BP 7,8- 
diol may be co-oxidized to BPDE by ascorbic acid- or NADPH- dependent lipid 
peroxidation (Mamett, 1987). The extent of BP bioactivation by these mechanisms in 
fish has not been investigated.
BP-DNA adduction in hemopoietic tissues and blood
This is the first laboratory study to demonstrate the formation of BP-DNA 
adducts in hemopoietic tissues and blood of fish exposed to a sublethal dose of BP. 
The high levels of BP-DNA adducts in the anterior kidney, spleen, and blood are 
surprising, since these tissues are not considered major organs of biotransformation. 
The formation of BP-DNA adducts in these tissues may be explained by their routes 
of entry, the location and extent of BP metabolism, and the transport of BP and its 
metabolites between cells and tissues. In the anterior kidney, cells may absorb BP 
directly from the peritoneal cavity (the site of injection), cells may take up BP from 
serum proteins, or water-soluble BP-metabolites in the blood may be filtered by the 
glomerulus and taken up by the epithelial cells of the renal tubules. Since the anterior
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kidney is also the major site of hemopoiesis in fish, pluripotent stem cells, 
erythrocytes, myeloid cells, immunocompetent cells, and precursors to each type of 
blood cell also are possible targets of BP.
Two possible mechanisms of BP-DNA adduction in the anterior kidney are 
dependent on the route of entry. BP-DNA adduct formation in the anterior kidney 
may involve the absorption of BP in the renal tubules, metabolism of BP by tubular 
epithelial cells, interrenal cells or endothelial cells, followed by the formation of 
DNA adducts in these cells or adjacent blood cells. Moderate immunostaining of 
CYP1A has been documented in the anterior kidney interrenal cells as well as in renal 
tubular epithelium of the posterior kidney of rainbow trout (Lorenzana et al., 1988). 
Renal tubular epithelium of topminnows (Poecilopsis spp.) and renal tubular and 
vascular endothelium of mummichog kidneys exhibited high levels of CYP1A 
following aqueous BP exposure (Smolowitz et al. 1992, Van Veld et al., 1997). In 
the bone marrow of mice exposed to BP, Ah receptor positive stromal (CYP1A 
inducible) cells are believed to interact with adjacent pre-B cells following exposure 
to DMBA (Yamaguchi et al., 1997). Since the teleost anterior kidney is believed to 
be equivalent to the mammalian bone marrow, renal tubular epithelial cells or 
phagocytic reticular cells may metabolize BP to reactive forms that bind to DNA 
within these cells or nearby hemopoietic or endocrine cells.
BP-DNA adduction in the anterior kidney also may result from the 
metabolism of BP in tissues such as liver, gills and gut. Metabolites formed in these 
tissues may then be filtered from blood in the anterior kidney where they are
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absorbed by renal epithelium, interrenal cells, or endothelial cells and covalently bind 
DNA.
There also is evidence that BP is metabolized to DNA reactive-intermediates 
within the hemopoietic cells in the fish anterior kidney. CYP1 A-mediated activities 
(EROD) have been determined in the anterior kidney of rainbow trout (Pesonen et al., 
1990) and carp (Marionnet et al., 1997, Taysse et al., 1998). Isolated leukocytes of 
spot anterior kidney metabolize benzo(a)pyrene to reactive intermediates (Rutan and 
Faisal, 1994). In anterior kidney T-lymphocytes of spot, a-naphthaflavone (ANF) 
inhibited PAH-immunotoxicity suggesting that CYP1A activity may mediate PAH 
metabolism (Faisal and Huggett, 1993).
Like the anterior kidney, the spleen may absorb BP directly from the 
peritoneal cavity or take up BP or its metabolites from serum proteins. The spleen of 
teleosts may function in erythropoiesis and granulopoiesis, suggesting that 
erythocytes, myeloid cells and their precursors are possible targets of BP. Splenic 
leukocytes and nearby reticular cells of fish also may be exposed to BP because they 
are present in the unorganized white pulp and in ellipsoids of the spleen (Ellis and 
Munroe, 1976; Bodammer et al., 1990, Zapata and Cooper, 1990). Nonetheless, the 
spleen may be exposed to lower levels of water-soluble BP metabolites than the 
anterior kidney since it is not involved in filtering soluble components of blood.
Analogous functions and cell types within the spleen and anterior kidney 
suggest comparable mechanisms of BP-DNA adduction in the two organs. Splenic 
leukocytes also may metabolize BP to form reactive intermediates that bind DNA.
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The CYP1 A-mediated activities (EROD) determined in the spleen of carp support 
this mechanism (Marionnet et al., 1997, Taysse et al, 1998). In BP-exposed rodents, 
splenic macrophages metabolize benzo(a)pyrene to highly reactive forms including 
anti-BPDE that bind covalently to DNA (Kawabata and White, 1987, 1989; Ladies et 
al., 1992). BP metabolites also are transported from the liver via serum to the spleen 
of BP-exposed rodents, where they form BPDE-dG adducts (Ginsberg et al., 1989, 
Ginsberg and Atherholt, 1990).'
Another mechanism of BP-induced toxicity may include the formation of BP- 
DNA adducts in the spleen as a result of endothelial cell metabolism. High levels of 
CYP1A have been detected in vascular endothelium of spleen in Atlantic cod and 
scup (Stegeman et al., 1991, Husoy et al., 1994) and throughout the general 
vasculature of mummichog (Van Veld et al., 1997). The relative significance of each 
of these possible mechanisms of PAH-induced immunotoxicity in fish is still 
unknown, and may be clarified by the determination of binding to the Ah receptor, 
CYP1A induction and BPDE-dG adduct formation in isolated single cell populations 
of all hemopoietic tissues.
The high levels of BP-DNA adducts in pooled blood samples of mummichog 
were comparable to those of the liver and anterior kidney. The presence of BP-DNA 
adducts in blood suggests that blood cells also metabolize BP to DNA-reactive 
intermediates, or that BP metabolites produced in hepatic or extrahepatic tissues are 
taken up by blood cells (Table 2). Evidence for CYP1A metabolism of BP in whole 
blood of plaice has recently been demonstrated by the expression of CYP1A mRNA
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(Leaver et al., 1993). BP-DNA adducts may initially form in numerous types of blood 
cells within the peripheral blood or within immature blood cells of the hemopoietic 
tissues. Most blood cells have short half-lives ranging from 2 to 51 days and 
therefore the high levels of BP-DNA adducts in the blood at 32 days post-injection 
were unexpected (Fischer et al., 1998). Some of the BP-DNA adducts may have been 
in blood cells that acquired adducts as immature cells within the hemopoietic tissues. 
Alternatively, BP-DNA adducts may have been in hepatocytes that were in route to 
the spleen for phagocytosis and degeneration. The large decrease in BP-DNA 
adducts in pooled blood from 32 to 96 days indicates that many blood cells (with BP- 
DNA adducts) degraded or migrated into tissues over this time period (Griffin, 1983; 
Cross and Matthews, 1993; Fischer et al., 1998). Adducts persisting in blood for 96 
days may primarily occur in erythrocytes and lymphocytes, which are the only blood 
cells in ginbuna crucian carp Carassius auratus lansdorfii with life-spans longer than 
96 days (Fischer et al., 1998). The determination of BP-DNA adducts in individual 
blood cells of fish may also help to elucidate possible effects and mechanisms of 
PAH-immunotoxicity.
BP-DNA adduction in the liver, spleen and blood has also been reported in 
rodents. In rats injected with a single dose (100 mg/kg body wt), the highest levels of 
DNA adducts were in the liver in comparison to the peripheral blood mononuclear 
cells (PBMNs) by 3 days post-injection (Ross et al., 1990). In contrast, rats injected 
with multiple doses (6 doses of 10 mg/kg) of BP, the highest levels of BP-DNA 
adducts were in the PBMNs, followed by the spleen and liver (Qu and Stacey, 1996).
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Although statistics were not reported in either study, differences in BP-DNA adduct 
levels among tissues were small. Likewise, tissue-specific BP-DNA adduct levels in 
mummichog were small such as between liver and spleen or undetectable (e.g. liver 
and anterior kidney). The persistence of BP-DNA adducts in all tissues of the 
mummichog also resembles BP-DNA adduction in liver, spleen and blood of rats for 
up to 56 days post-injection. Moreover, Qu and Stacey (1996) demonstrated one 
major adduct that formed and persisted in the liver, spleen and PBMNs of exposed 
rats and was believed to be BPDE-dG. In this study, levels of one major BP-DNA 
adduct, also believed to be the BPDE-dG, were highest in the liver, followed by the 
anterior kidney, blood and spleen. Though significant differences were found 
between some tissues, statistical power would have been greater if more fish were 
used. Repeating this study with a larger sample size (greater power) and an improved 
efficiency of 32P-postlabeling (reduced variance) may increase the likelihood of 
determining if significant differences found here are real.
Decline and persistence o f BP-DNA adducts
The decline in BP-DNA adduct levels from 32 to 96 days was statistically 
significant in liver, anterior kidney and spleen and levels of DNA adducts decreased 
to approximately 50 % of their maximum levels by 96 days (Table 1, Figure 12).
The levels of BP-DNA adducts in liver, spleen and anterior kidney at 96 days were 
not significantly different from those detected at 16 days post-injection, indicating 
that BP-DNA adducts in all tissues of mummichog may have persisted as a result of
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slow or inefficient DNA repair (Figure 12). Similarly, Stein et al. (1993) found that 
32 % of the maximum levels of hepatic BP-DNA adducts in English sole injected 
with BP (25 mg/kg) still remained from 2 to 84 days post-injection. Although 
persisting hepatic BP-DNA adduct levels in this study (57 nmol adducts / mol 
nucleotides) were lower than those described by Stein et al. (1993), the BP dose for 
English sole was 2 fold greater than for mummichog. Studies using mammalian 
models have demonstrated greater decreases in BP-DNA adduct levels over time, 
although the BP dose administered (60 -  100 mg/kg body wt) was much higher than 
the dose utilized in the present study (Ross et al., 1990, Qu and Stacey 1996). The 
persistence of BP-DNA adducts in mummichog for at least 96 days post-injection is 
significant because persistent adducts may be initiators of chemical carcinogenesis or 
immunosuppression (Hendricks et al., 1985, Hawkins et al., 1988).
The mummichog, like other fishes, may have a greater propensity to develop 
cancer and become immunosuppressed than mammals as was demonstrated by the 
high levels of persisting adducts in all tissues examined (reviewed by Wirgin and 
Waldman, 1998). The equivalent levels of anterior kidney and liver BP-DNA adducts 
on all sampling days also suggests that adducts in these two tissues may have the 
same mutagenic potential. Erroneously repaired DNA adducts may result in 
mutations in oncogenes such as K-ras, encoding guanosine triphosphatases that are 
important in regulating signal transduction pathways involved in the control of 
growth. Such K-ras mutations have been identified in neoplastic hepatocytes of 
fishes inhabiting contaminated areas (Wirgin and Waldman, 1998). Although little is
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known about the effects of DNA adducts in the hemopoietic tissue or blood of fishes, 
DNA adducts that are not repaired or erroneously repaired in the anterior kidney, 
spleen, and blood may cause deleterious effects at genetic and epigenetic levels.
DNA mutations or alterations in gene regulation in the anterior kidney may effect 
cellular replication and differentiation of blood cells (hemopoiesis) or excretory 
processes. In the spleen, the formation and differentiation of red blood cells or 
myeloid cells or the immunoregulatory functions of splenic leukocytes may be 
disrupted by alterations in the genetic material. Moreover, BP-DNA adducts that 
persist in blood may modulate the ability of the erythrocyte to transport oxygen or the 
response of the T-memory cell to infection. Thus, immune dysfunction is a possible 
result of persistent BP-DNA adducts in the hemopoietic tissues or blood of fish, and 
this may help explain the increased tumorigenesis or disease in fish from PAH- 
contaminated sites.
Comparison o f two methods used to detect BP-DNA binding
In a preliminary study performed in Dr. Faisal’s laboratory, BP-DNA binding 
was demonstrated in anterior kidney, spleen, liver and blood of mummichog by 
determining the amount of tritiated BP associated with DNA fractions (unpublished 
data). These results were compared to BP-DNA adducts (converted from mol BP- 
DNA adducts / mol nucleotides to mol BP / mg DNA) detected in the same tissues of 
the mummichog by PPL analysis.
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The BP-DNA adduct levels detected in all tissues by 32P-postlabeling 
measured only 0.3 % of the BP-DNA binding detected in the preliminary study using 
tritiated BP and scintillation counting. There were no differences in BP-DNA adduct 
levels between the liver and anterior kidney of fish using PPL, but BP-DNA binding 
levels were higher in the anterior kidney than in the liver when radiolabeled BP was 
used. Tritiated benzo(a)pyrene and scintillation counting detects both non-covalent 
and covalent associations between benzo(a)pyrene (and its metabolites) and DNA, 
whereas PPL measures only covalent associations between reactive BP metabolites 
and DNA. In the former method, BP-protein interactions may be included with the 
measurement of BP-DNA binding. Therefore, most of the BP-DNA binding detected 
in all tissues in the preliminary study may have been non-covalent BP-DNA or BP- 
protein associations.
BP-DNA adducts in 3-month-old mummichog
Benzo(a)pyrene-DNA adducts were not detected in any tissues of 3-month-old 
mummichog injected with BP (0.3 mg/kg body wt) as larvae. The source of the 
radioactive spots detected in the lower right corner of the chromatographic profiles is 
not known, although they are believed to be degradation products of tissues, or 
products of nuclease Pi enhancement or postlabeling (Reichert and French 1994).
The absence of BP-DNA binding in all tissues of all 3-month-old mummichog may 
be the result of the low dose of BP injected into mummichog as larvae (Figure 13). 
PPL has not been used previously to detect aromatic DNA adducts in PAH-exposed
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embryonic or larval fish. Nevertheless, rainbow trout embryos exposed to tritiated 
DMBA demonstrated low levels of DMBA-DNA binding from 2 to 48 hours after 
aqueous exposure (5 ppm) (Fong et al, 1993). Much of this DMBA-DNA binding, 
however, was likely non-covalent in nature and therefore it may not be representative 
of covalent DNA adducts determined by PPL. Moreover, in all studies where 
carcinogenesis has been initiated in fish injected with PAHs as embryos and larvae, 
substantially higher doses of PAHs (13-136 mg/kg body wt) have been used in 
comparison to the dose of BP injected into mummichog larvae in the present study 
(0.3 mg BP/kg body wt) (Balch and Metcalfe 1996, Black et al., 1985, Black et al., 
1988).
There are several additional explanations for the lack of BP-DNA adducts in 
tissues of 3-month-old mummichog. DNA adducts may have been present, but the 
diminished proportion of BP-DNA adducts relative to the increased quantity of DNA 
in the developing fish may have been diluted to levels below the detection limit of 
PPL. Bioactivation of BP in developing fish may be less inducible than in adult fish 
leading to lower levels of metabolites and subsequently fewer BP-DNA adducts. 
Specifically, the aryl hydrocarbon receptor may be expressed at a lower level or 
CYP1A transcription may be less inducible. For example, human CYP1A2 was not 
detected in fetal and neonatal livers though its levels increased in infants during their 
first year to 50 % of CYP1A2 expressed in adult livers (Sonnier and Cresteil, 1998).
DNA repair mechanisms in the 3-month-old may have been highly efficient. 
In the mouse, the DNA repair enzyme Rad51 was detected at high levels in
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proliferating cells such as immature T cells in thymus, germinal center cells of 
lymphatic nodules and epithelial cells of intestine and uterus (Yamamoto et al.,
1996). Therefore, BP-DNA adducts may have been repaired efficiently in these 
developing fishes because of the abundance of proliferating cells and DNA repair 
enzymes found throughout their tissues.
DNA adducts in mummichog from the Atlantic Wood site
Aromatic DNA adducts were present in the liver, anterior kidney, spleen and 
blood of mummichog from the creosote-contaminated Atlantic Wood site (AWS) 
(Elizabeth River, Virginia) (Figure 14). The chromatographic profiles demonstrated a 
diagonal radioactive zone (DRZ) of DNA adducts, which overlapped in part with the 
anti-BPDE-dG adduct standard.
The high levels of aromatic DNA adducts present in the liver, anterior kidney, 
spleen and blood of AWS mummichog are characteristic of PAH-exposure in fish. 
Although individual PAH-DNA adducts were not discerned from the DRZ, this 
characteristic pattern of aromatic DNA adducts has been demonstrated in the liver of 
fish by numerous authors investigating hepatic DNA adducts as biomarkers of 
exposure (Dunn et al., 1987; Varanasi et al., 1989; Kurelec et al., 1989; Stein et al., 
1989; Maccubbin et al., 1990; Liu et al., 1991; Collier et al., 1993; Ray et al., 1995; 
French et al., 1996; Ericson et al., 1998). The extremely high levels of PAHs in 
sediments from this site (up to 132,645 ppm dry wt sediment) are another indication 
that the aromatic DNA adducts detected in mummichog were PAHs (Hale and
66
Smith, 1991). The DNA adducts in AWS fish also resisted the enzymatic activity of 
nuclease Pi, which hydrolyzes phosphates from normal nucleotides (and many non- 
PAH-adducted nucleotides), but not PAH-adducted nucleotides (Beach and Gupta, 
1992). Moreover, since the adducts co-chromatographed with the ^mh-BPDE-dG 
adduct standard, it is probable that at least some of the aromatic DNA adducts 
detected in all tissues and blood were composed of PAHs.
Aromatic DNA adducts were also detected in the anterior kidney, spleen and 
blood of female perch Perea fluviatisilis and the anterior kidney of northern pike 
Esox lucius from the Swedish Baltic Coast near an aluminum smelter (Ericson et al., 
1998). The levels of DNA adducts detected in the hemopoietic tissues of fishes in 
this study (> 180 nmol adducts / mol nucleotides) were much higher than DNA 
adduct levels in fishes from the Swedish Baltic Coast (< 50 nmol adducts / mol 
nucleotides). There may be several reasons for this difference. First, the range of 
PAH concentrations in sediment samples from the AWS (595 -  132,645 ppm) is 
higher than sediments from the site utilized by Ericson et al., (1998) near the Swedish 
Baltic Coast (370-2700 ppm) (Smith et al., 1984; Hale and Smith, 1988; Hale and 
Smith, 1991; Vogelbein et al., 1993; Naf et al., 1994). Second, storage phosphor 
imaging was used in this study to analyze DNA adducts, whereas Ericson et al.(1998) 
used autoradiography and scintillation counting. Storage phosphor imaging is more 
sensitive than screen enhanced autoradiography for the detection and quantification of 
32P-labeled DNA adducts because it allows for the accurate separation of background 
radioactivity from DNA adducts (Reichert et al., 1992). Third, Ericson et al. (1998)
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used only one fish to detect adducts in all perch tissues except for the liver and 
anterior kidney. Thus, the DNA adduct levels in perch may be less representative of 
the population than adducts in mummichog. Finally, the behavior of the two fishes 
may have resulted in the contrasting DNA adduct levels because the mummichog 
inhabits shallow brackish water coves whereas perch are found predominantly in the 
littoral zone such that they are not in close contact with the sediments. DNA adduct 
levels may also differ between these studies because of differences in sex, age, water 
temperature, availability of PAHs, metabolism of PAHs, and DNA repair efficiency.
In contrast to the laboratory study, DNA adduct levels in AWS mummichog 
were significantly higher in the spleen than in the liver and anterior kidney. Many 
variables may have influenced the AWS mummichogs’ environmental exposure to 
PAHs and subsequent DNA adduct formation in their tissues including seasonal and 
temporal factors, complex mixtures of PAHs and other contaminants, lipid content of 
fish, and composition of food. The high levels of DNA adducts in the spleen, may 
have been formed by biotransformation during CYP1A metabolism as well as 
prostaglandin synthesis, lipid peroxidation, or other mechanisms involving the 
production of oxygen radicals and co-oxidation of PAHs to their reactive metabolites. 
The spleen also may have been exposed to higher levels of PAHs or their metabolites 
as a consequence of liver dysfunction and reduced hepatic biotransformation.
The low levels of hepatic DNA adducts relative to those in the spleen may be 
related to the chemical resistance of AWS fish. In non-tumorous tissue of AWS 
mummichog high levels of CYP1A are detected and CYP1A activity (EROD) is
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elevated, while in adjacent neoplastic tissue, the reverse is true (Van Veld et al., 
1992). Neoplastic hepatocytes of English sole possessed a reduced capacity to 
metabolize PAHs to their toxic intermediates by CYP1A and a consequential 
reduction in the levels of PAH-DNA adducts in these tissues (Myers et al., 1998). 
Since hepatocellular carcinomas and preneoplastic and neoplastic lesions were 
present in 33% and 93% of AWS mummichog, respectively (Vogelbein et al., 1990), 
it is possible that the relatively low levels of DNA adducts detected in the livers of 
some AWS fish in this study were the result of a high percent of pre-neoplastic or 
neoplastic tissue.
There is evidence that AWS fish possess a genetic-based pollution tolerance. 
AWS fish injected with 3-methylcholanthrene (a CYP1A inducer) demonstrated no 
significant induction of hepatic CYP1A in comparison to fish from a non­
contaminated site that demonstrated a 418-fold induction (Van Veld and Westbrook, 
1995). Glutathione S-tranferase expression is elevated in the liver of AWS 
mummichog (Van Veld et al. 1991). It is possible that AWS fish have acquired 
genetic mutations that caused the reduction and enhancement of CYP1A and 
glutathione S-transferase enzymes, respectively. These enzymatic changes may 
reduce levels of reactive xenobiotic metabolites available in the liver to bind 
covalently with DNA. The mean level of hepatic DNA adducts in mummichog is 
comparable to hepatic DNA adducts in oyster toadfish (140 ± 20 nmol adducts / mol 
nucleotides SE ) from a contaminated site in the Elizabeth River, Virginia (Collier et 
al., 1993). Like the mummichog, levels of CYP1A and its enzymatic activity
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(EROD) in the oyster toadfish from contaminated sites in the Elizabeth River were 
not significantly different from CYP1A or EROD in fish from non-contaminated 
sites, suggesting that oyster toadfishes also may possess genetic-based pollution 
resistance.
The high levels of aromatic DNA adducts in the hemopoietic tissues and 
blood of mummichog from the AWS may be related to the numerous accounts of 
PAH-induced immunosuppression reported by several authors who studied the 
functions of immunocompetent cells in fish caught from PAH-contaminated sites in 
the Elizabeth River, Virginia. Fish inhabiting this site manifest suppressed 
chemotactic, phagocytic, and chemoluminescent responses (Weeks and Warinner, 
1986; Warinner et al., 1988; Seeley and Weeks-Perkins, 1991), altered 
lymphoproliferative responses to mitogens (Faisal et al., 1991a), and aberrant natural 
cytotoxic cell activity (Faisal et al., 1991b). A direct correlation between DNA 
adducts in the hemopoietic tissues and immunosuppression in fish has not been drawn 
although several studies using discrete PAHs suggest the involvement of CYP1A 
induction by immunocompetent cells or their adjacent cells within the hemopoietic 
tissues (Lorenzana et al., 1988; Pesonen et al., 1990; Stegeman et al., 1991; Faisal and 
Huggett, 1993; Husoy et al., 1994; Rutan and Faisal, 1994; Marionnet et al., 1997; 
Van Veld et al., 1997; Taysse et al., 1998).
The aromatic DNA adducts in multiple tissues of AWS fish also may be 
related to the deleterious effects previously reported in Elizabeth River fish such as 
lens cataracts, fin and gill erosion, integumental ulcerations, and hepatic and
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pancreatic neoplasms (Vogelbein et al., 1990; Seeley and Weeks-Perkins, 1991; 
Faisal et al., 1991a; Huggett et al., 1992; Foumie and Vogelbein, 1994; Williams, 
1994). Collectively, these effects indicate that the subcellular alterations 
demonstrated in assorted tissue types of AWS fish may have been initiated by a DNA 
adduct.
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SUMMARY
In this study, benzo(a)pyrene-DNA adducts formed in liver, spleen, anterior 
kidney and blood of mummichog following exposure to a single, sublethal dose of BP 
(12 mg/kg body wt). The single, major BP-DNA adduct detected in all tissues of 
mummichog consistently co-chromatographed with the anti-BPDE-dG standard. The 
similar level of BP-DNA adducts in the liver and anterior kidney indicates that 
anterior kidney cells may be targets of BP or its reactive metabolites. Splenic cells 
and blood cells also may be capable of metabolizing BP, though spleen BP-DNA 
adduct levels were significantly lower than in the anterior kidney and liver.
The persistence of BP-DNA adducts for up to 96 days after a single, sublethal 
dose of BP in all tissues examined was a significant finding because persistent PAH- 
DNA adducts might initiate carcinogenesis in target tissues such as liver. In the 
spleen, anterior kidney and blood, persistent BP-DNA adducts may be related to the 
immunosuppressive effects demonstrated in previous laboratory and field studies of 
PAH-exposed fish. The determination of BP-DNA adduct levels in isolated 
populations of cells in hemopoietic tissues may help to elucidate possible 
mechanisms of BP-induced immunotoxicity.
The absence of BP-DNA adducts in 3-month-old mummichog injected with 
BP as larvae is likely the result of the low dose of BP, efficient DNA repair
72
mechanisms, or reduced levels of CYP1A enzymes. BP-DNA adducts may have been 
present, but in amounts below the detection limit of PPL.
High levels of DNA adducts were present in liver, anterior kidney, spleen and 
blood of mummichog captured from the Atlantic Wood site. These DNA adducts 
likely are PAHs (or their reactive metabolites) covalently bound to DNA because (1) 
high levels of PAHs are present in AWS sediments, (2) DNA adducts eluted in the a 
characteristic PAH zone similar to that described in previous studies, and (3) some 
DNA adducts in all tissues co-chromatographed with the a«n'-BPDE-dG standard. In 
contrast to the laboratory study, DNA adducts in AWS mummichog were 
significantly higher in the spleen than in anterior kidney and liver. Many variables 
may be responsible for the exposure to PAHs and subsequent DNA adduct formation 
in tissues of AWS mummichog including seasonal and temporal factors, complex 
mixtures of PAHs and other contaminants, lipid content of fish, and composition of 
food. The low levels of DNA adducts in the liver also may be the result of resistant 
neoplastic hepatocytes or genetic-based pollution tolerance.
In conclusion, results from both laboratory and field studies demonstrated that 
DNA adducts persist in the hemopoietic tissues and blood of the mummichog. The 
long duration of DNA adducts may help to explain the ubiquitous 
immunosuppression in fish from contaminated sites.
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